We perform steered molecular dynamics (SMD) simulations and use the Brownian dynamics fluctuation-dissipation-theorem (BD-FDT) to accurately compute the free-energy profiles for several biophysical processes of fundamental importance: hydration of methane and cations, binding of benzene to T4-lysozyme L99A mutant, and permeation of water through aquaglyceroporin. For each system, the center-of-mass of the small molecule (methane, ion, benzene, and water, respectively) is steered (pulled) at a given speed over a period of time, during which the system transitions from one macroscopic state/conformation (State A) to another one (State B). The mechanical work of pulling the system is measured during the process, sampling a forward pulling path. Then the reverse pulling is conducted to sample a reverse path from B back to A. Sampling a small number of forward and reverse paths, we are able to accurately compute the free-energy profiles for all the afore-listed systems that represent various important aspects of biological physics. The numerical results are in excellent agreement with the experimental data and/or other computational studies available in the literature.
I. Introduction
Accurate computation of free-energy is of essential importance in quantitative studies of biological systems because most biophysical/chemical processes are driven by the free-energy gradients. [1] [2] [3] [4] [5] [6] [7] [8] Methods to calculate free-energy differences between two states (conformations) A and B fall into two classes, equilibrium methods and, developed more recently, non-equilibrium methods. A recent review can be found in ref. 6 . The equilibrium approaches such as the thermodynamic integration (TI) method require more computing time because they are based on ''full'' sampling of the equilibrium ensembles involved in a given biophysical process. The non-equilibrium approaches exploit the stochastic dynamics of the system driven with some applied forces and aim to map out the free-energy landscape in terms of the potential of mean force (PMF). 9 The free-energy difference between States A and B is extracted from the measurements of work along the transition paths connecting the two states. In ref. 10 , a non-equilibrium PMF type of approach has been developed on the basis of the Brownian dynamics fluctuation-dissipation theorem (BD-FDT), 11 extracting the equilibrium free-energy differences from the non-equilibrium, irreversible work measurements in steered molecular dynamics (SMD) simulations. [12] [13] [14] [15] [16] [17] [18] [19] The precision and efficiency of the BD-FDT approach have been demonstrated with the coil-helix transition of the deca-alanine peptide. Preliminary results have been obtained for water 10 and glycerol transport 20 through aquaglyceroporin GlpF. In this paper, we further the BD-FDT study to three types of systems of fundamental biological importance: hydration of methane and sodium and potassium ions, [21] [22] [23] [24] [25] binding of benzene in the L99A mutant of T4-lysozyme (T4L), [26] [27] [28] [29] [30] [31] [32] and water transport through aquaglyceroporin embedded in a cell membrane. 20, [33] [34] [35] [36] [37] [38] [39] [40] [41] In each case, we perform SMD simulations to sample five (or ten) forward pulling paths and the same number of reverse paths. With these small sets of pulling paths sampled, we use the BD-FDT to compute the free-energy landscapes between States A and B. In the case of hydration free-energies, we are able to reproduce accurately the wellaccepted results in the literature, obtained with sophisticated methods incorporating various correction terms. In the case of binding benzene to T4L, the BD-FDT result for the absolute binding energy is in agreement with the experimental data and with other computational studies in the literature. In the case of water permeation through GlpF, the BD-FDT results give a complete map of the free-energy landscape along the entire channel length and are consistent with the existing studies based on the equilibrium sampling approaches.
The rest of the paper is organized as follows: In section II, we outline the theoretical formulation. In section III, we compute the hydration free-energies for methane, sodium ion, and potassium ion. In section IV, we compute the absolute binding free-energy of benzene to T4L, a unique representative of the ligand-protein complexes. In section V, we extend our preliminary study in ref. 10 to give an accurate free-energy profile of water along the entire channel of GlpF. In section VI, we present the details of the system setup and simulation procedures. In section VII, we give a brief summary and some discussions on the applicability and limitations of the BD-FDT approach.
II. Theoretical formulation
In an SMD study, 12, 19 we pull (steer) a group of atoms with appropriate forces so that they go along a desired direction to explore a certain manifold of the system's phase space. In the current literature, the steering is mostly accomplished by pulling the centre-of-mass of the steered group with a spring (elasticity constant k) whose other end is advanced along a specified direction (taken as along the z-axis in this paper) at a constant speed v. Pulling the system from State A to State B, the following amount of work is done to the system (excluding the spring):
Here the pulling control parameter l F (t) = vt. x is the set of the coordinates of all the atoms of a given system. z(x) is the z-coordinate of the centre-of-mass of the pulled molecule/ group of atoms that is a linear function of x. Along a reverse path when the system is pulled from State B back to State A, the work done to the system W B-A is a similarly defined force-displacement integral,
where l R (t) = Àvt. Note that the mechanical work defined in eqn (1) or (2) is not identical to the thermodynamic work often used in the literature. 9 We assume each of the systems of our interest is governed by the Brownian dynamics. Therefore, we employ the BD-FDT 11 to extract the equilibrium free energy from the irreversible work measurements. In terms of mechanical work, the BD-FDT relates the equilibrium free-energy difference to the nonequilibrium work as follows:
Here DG = G B À G A is the difference between the free energies of States A and B. b = 1/k B T with k B and T being the Boltzmann constant and the absolute temperature respectively. The statistical average over the forward paths is
where the index p indicates the p-th of the N F forward paths from State A to State B. The statistical average over N R reverse paths, from State B to State A, is
In order to improve the statistics, we use an infinitely stiff spring in the SMD simulations. In the limit of infinite stiffness, k -N, the pulling is accomplished by fixing the centre-ofmass coordinate of the pulled molecule, z(x), to the control parameter l F(R) (t) at each time step. In this limit, dz = vdt and the pulling force then is equal to the net force on the pulled molecule exerted by the rest of the entire system, namely,
Here H 0 (x) is the Hamiltonian of the entire system in the absence of the pulling force. Then the mechanical work done to the system along a forward (reverse) path can be expressed as 
Note that the work in eqn (7) is stochastic in nature as the system is subject to random forces of the Brownian dynamics.
In the following three sections, eqn (3) will be used in conjunction with eqn (7) to compute the free-energy differences between various relevant states.
III. Hydration of methane and cations
Needless to say, hydration free energy is fundamentally relevant to biological systems as all biochemical processes happen in aqueous environment. 42 In this section we employ the BD-FDT to compute the hydration free energy of methane (CH 4 ), sodium cation (Na + ), and potassium (K + ) cation that have been very well studied with the equilibrium approaches in the literature. [21] [22] [23] [24] We consider a system consisting of a molecule (CH 4 , Na + , or K + ) to be hydrated and a body of water occupying the upper half space (z > 0) in the Cartesian coordinates. We simulate the hydration process by pulling the molecule into (forward path) and out of (reverse path) the body of water. We measure the mechanic work along each pulling path and convert the work measurements into the free-energy differences using eqn (3) . Details of the system setup and simulation procedures are presented in section VI.A.
We define State A as the state of the system when the molecule is outside the body of water (z A = À14.6 Å for CH 4 and z A = À10 Å for Na + or K + ) and State B as when the molecule is inside the body of water (z B = 15.4 Å for CH 4 and z B = 10 Å for Na + or K + ). Then the hydration free energy of a molecule can be split into two parts:
where G N is the free energy of the system when the molecule is separated at an infinite distance from the body of water, z = ÀN. We use eqn (3) in conjunction with eqn (7) to determine G B ÀG A and we use the following analytical approximation for G A ÀG N . From z = ÀN to z A , the molecule to be hydrated is well outside the range of van der Waals interaction with the waters. For the Coulomb interaction, when the molecule is charged, we can well approximate the body of water as a continuous medium (dielectric constant e) occupying the upper half space (z Z 0). Moving the molecule to be hydrated at an infinitely (reversibly) slow speed from ÀN to z A , we analytically carry out the force-displacement integral and obtain the following result:
where e 0 is the vacuum dielectric constant. q is the net charge carried by the molecule to be hydrated. For methane, q = 0 and, for sodium/potassium cation, q = +e. Taking the water dielectric constant as e = 80 e 0 , we have for sodium/potassium cation, G A ÀG N = À8.1 kcal mol
À1
, and for methane, G A ÀG N = 0, of course. Now we will have the total hydration free energy [eqn (8)] once we determine G B ÀG A through eqn (3) . For the purpose of determining G B ÀG A , we conduct SMD simulations for methane first and then for cations.
Plotted in Fig For the purpose of accurately determining the hydration free energy of methane, we have sampled five sets of pulling paths. Each set consists of five forward and five reverse paths. We apply eqn (3) to each set to obtain a set of data for the free energy of the methane-water system as a function of the z-coordinate of methane's centre of mass. We perform statistical average over the five sets of data for the free energy profiles and compute the root mean square deviations from the average as the error bars. The average free energy and the error bars are plotted in Fig. 2(A) . In this manner, the hydration free energy of methane is determined to be DG hydr = 2.4 AE 0.2 kcal mol À1 on the basis of CHARMM 27 force fields. This result is in perfect agreement with Shirts et al.'s value of 2.44 AE 0.02 from their extremely precise free energy calculation 22 employing the thermodynamic integration method, an equilibrium approach. It also well agrees with Henin and Chipot's result of calculation with the adaptive biasing force (ABF) method, 21 another equilibrium approach. For the hydration of methane, we have carried out another implementation of eqn (3). Instead of sampling pulling paths over the entire interval (z A ,z B ), we divide the 30 Å interval into 30 equal sub-intervals of 1 Å each. Over each sub-interval, we sample five forward paths and five reverse paths with the two end states being equilibrated after every forward/reverse path sampling. The work measurements along the forward and reverse paths over the sub-intervals are plotted in Fig. 1(B) . Eqn (3) is applied to each sub-interval for one segment of the free-energy profile. The overall free-energy profile obtained in this multi-segment implementation is shown in Fig. 2(B) . The hydration free energy of methane is again determined to be DG hydr = 2.4 AE 0.2 kcal mol
. Here the error bar is estimated from the fluctuations of the free energy in the region where it should be flat. Note that the multi-segment implementation is more efficient/accurate because it does not disturb the system as much as the single-segment implementation. It keeps the system closer to the equilibrium as equilibration is done at both ends of each sub-interval. In the rest of this paper, we adopt the multi-segment implementation for the hydration of the Na + and K + ions, for the binding free-energy of benzene to T4L, and for the transport of water through GlpF.
For the cation hydration, we note again that, in State A, the cation (Na + or K + ) is at z A = À10 Å and, in State B, z B = 10 Å . We further note that the water-vacuum interface is the xy-plane (z = 0). Considering that a cation can disturb the body of water over a long range, we divide the 20 separation between A and B into 20 segments of 1 Å each. We perform SMD over each segment to sample five forward and five reverse paths. Using eqn (3), we compute the free energy landscape over each segment. The overall free energy landscape is given Fig. 3 . Sampling only five forward and five reverse pulling paths, we are able to accurately determine the free energy landscapes of the cation-water systems. In fact, the hydration energy of sodium cation so determined, À100.3 kcal mol À1 (with an estimated error AE1 kcal mol
), is perfect agreement with Warren and Patel's carefully corrected result of À100.72 kcal mol
. 23 The potassium hydration energy of À79.9 kcal mol À1 obtained here with the BD-FDT also perfectly agrees with Warren and Patel's result of À79.66 kcal mol
. 23 Note that Warren and Patel's approach is based on the equilibrium TI method while our SMD study is nonequilibrium in nature. In both Warren and Patel's and our studies, the cation hydration free energies include the full contribution from crossing the ''air-liquid'' interface.
IV. Ligand-protein binding free-energy
Ligand-protein binding is another biophysical problem of fundamental importance. 7, [43] [44] [45] In this section, we explore the free-energy landscape between the dissociated state (State B) and the bound state (State A) of the benzene-T4L complex in solution. Binding of a ligand to a protein can be adhesion to the protein surface or a shallow hole on the protein surface, 
Å ). (B)
The interval (À15 Å , 15 Å ) is divided into 30 equal sub-intervals of 1 Å each. Five forward and five reverse pulling paths are sampled to produce the free-energy differences in each sub-interval. The freeenergy differences are patched together to give the overall free-energy profile. Fig. 3 The free energy landscape of the sodium cation (solid) and that of the potassium cation (dashed). The zero point of the free energy is set to when the cation is infinitely far from the body of water, z = ÀN. and it can be deep burial inside a cavity of the protein. The benzene-T4L system belongs to the latter case. In fact, the benzene molecule is completely buried inside the protein (Fig. 4) . This system represents a very severe test for the accuracy of the BD-FDT, eqn (3). Even though the binding free-energy is only a function of state and independent of the paths to follow from State A to State B, it is believed that the PMF type of approach is not applicable to systems like benzene-T4L that has no obvious preferred binding pathways connecting the bound and dissociated states. 7 In another word, the PMF type of approach, if successful, will not only reveal the statistical differences between the dissociated and bound states in terms of binding free energy but also map out the free-energy landscape along the entire transition path from the dissociated to the bound state. Indeed, for the benzene-T4L system, the BD-FDT approach does accurately predict the binding free energy and yield the free-energy landscape between the bound and the dissociated states.
We conduct SMD 12, 19 simulations of the benzene-T4L complex. Details of the system setup and simulation procedures are presented in section VI.B. In our simulations, one degree of freedom, the z-coordinate of benzene's centre of mass, is steered (constrained to follow the control parameter) while the other 14 degrees of freedom of benzene are unconstrained but governed by the Brownian dynamics, subject to interactions with the protein, the ions, and the waters. Therefore benzene is allowed to sample around the most probable path (MPP) connecting its bound and dissociated states. Each point on the MPP corresponds to a minimum of the free energy under the constraint of its centre-of-mass z-coordinate being fixed to the control parameter l F(R) (t) as defined in section II.
In order to avoid causing too drastic distortions to the protein, we again divide the separation between the bound and the dissociated states into multiple segments of 1 Å each. Over each segment, we sample ten forward (away from the binding site) paths and ten reverse (back towards the binding site) paths. These pulling paths are shown in Fig. 5(A) . Then we use eqn (3) to estimate the free energy differences in each segment. The overall free energy landscape is shown in Fig. 5(B) . The prediction of this BD-FDT approach, an absolute binding free energy of À5.7 kcal mol À1 , compares well with the experimental measurement of À5.19 kcal mol
À1
. 7 It is also consistent with Deng and Roux's result of À5.96 kcal mol À1 that is based on the free energy perturbation (FEP) method, an equilibrium molecular dynamics (MD) approach.
In ref. 7, Deng and Roux point out that conducting all-atom FEP/MD free energy simulations for an entire proteinsolvent system with periodic boundary conditions is often prohibitively expensive. Their simulations were performed on reduced atomic systems using the spherical solvent boundary potential for bulk solvent and the generalized solvent boundary potential for the binding site. All the atomic details near the ligand are simulated explicitly, while the influence of the rest of the system is incorporated implicitly via a mean-field continuum electrostatic approximation. In contrast, our current study uses a non-equilibrium approach. All-atom SMD simulations are conducted to estimate the free energy through the BD-FDT. For the estimate to be accurate, the pulling paths sampled have to include or be close to the most probable path. Therefore, the pulling speed cannot be too high to cause too drastic distortion of the protein. The scheme of multiple segments is preferable because equilibrations at the end points of each segment bring the protein back to its equilibrium under the constraints. One advantage of BD-FDT is that the forward and reverse paths play symmetrical roles in numerator and denominator of eqn (3) . As long as the dissipative work is symmetrical along the forward and reverse paths, it cancels itself out, making the estimates of the free-energy difference between two states approximately path-independent.
V. Water permeation through GlpF
In this section, we extend our preliminary study 10 of water permeation through aquaglyceroporin GlpF, conducting more extensive SMD simulations to determine the free-energy landscape throughout the entire permeation channels. We set up the model system as described in section VI.C. Then we perform SMD simulations to pull four waters through the four channels of GlpF simultaneously, one water molecule through each of them. We divide the 40 Å length of the whole channel into eight segments of 5 Å each. Over each of the eight segments, two sets of pulling paths are sampled: Each set has five forward paths (in the direction pointing from periplasm to cytoplasm) and five reverse paths (in the direction pointing from cytoplasm to periplasm). One of the two sets of the pulling paths is plotted in Fig. 6(A) . Following the same argument given in section III, we observe that the pulling is irreversible.
We apply the BD-FDT to each set of the five forward and five reverse paths and obtain a set of free-energy differences over each of the eight segments. The overall free-energy landscape is shown in Fig. 6(B) . The average free energy is the statistical mean between the two sets of data and the error bars represent the deviations between them. It gives a complete map of the entire channel of water permeation. The free-energy profile and the PMF barrier so obtained from our nonequilibrium SMD simulations are in agreement with de Groot et al.'s computational study 35, 41, 46 based on the equilibrium approaches. These results are also consistent with the experimental data in the literature. 34 It is interesting to note that water permeation through the channels of GlpF is collective diffusion. Multiple water molecules form single files inside each pore and permeate through a channel in a concerted manner. In our in silico experiments, only one water per channel is pulled. Yet our non-equilibrium SMD study is actually in full agreement with the equilibrium simulations 35, 41, 46 of the highly correlated diffusion of multiple water molecules. It indicates that the path averages in the numerator and the denominator of BD-FDT [eqn (3)] cancel out the irreversible, non-equilibrium factors (the dissipative work terms in particular) in a very efficient manner even for a small number of pulling paths sampled.
VI. System setup and simulation procedures A. Hydration of methane and cations
Our model system consists of a 60 Å Â 60 Å Â 60 Å cube of TIP3 waters plus a ''molecule'' (methane, sodium ion, or potassium ion) to be hydrated. The water cube is placed on the xy-plane between 0 o z o 60 Å , and periodically replicated on the x-and y-dimensions. Namely, we use periodic boundary conditions along the x-and y-axes but not along the z-axis. A reflective boundary is placed at z = 0 for waters only (not for the molecule to be hydrated) so that all waters remain above the xy-plane. A small constant force field along the negative z-axis is applied to waters to keep the body of water within a well-defined layer at z Z 0. This small constant force field (5 Â 10 À5 kcal mol À1 amu À1 Å
À1
) mimics the gravity that exerts a constant force on every atom of the water molecules in proportion to its mass. The molecule to be hydrated is initially placed at (0, 0, z A ). From there it will be pulled to (x B , y B , z B ) inside the body of water in SMD simulations, noting that x B and y B are not fixed but determined by the stochastic dynamics of the system while z B is fixed for a given system. The intra-and inter-molecular interactions are represented by the CHARMM 27 force field. 47 The cut-off for long-range interactions is set to 14 Å with a switching distance of 12 Å . The SMD simulations are implemented with the NAMD 2.6 48 source code adapted for pulling with an infinitely stiff spring. The damping constant is chosen to be g = 5/ps. The temperature is set to be T = 300 K. The pulling speed v = 0.05 Å /ps and the time step is 1 fs. Particle Mesh Ewald (PME) is not applied in this case. Note that it is crucial to take into account long-range electrostatics. 49, 50 Patel et al. applied PME and included the corrections necessitated by PME, which are on the order of -20 kcal mol
. In the present work, we consider the long-range part of the ion-water interactions by the analytical integration in eqn (9) , approximating the body of water as a continuous medium. Therefore, our results should and do compare well with Patel et al.'s data.
For the hydration of methane, we implemented two versions of the SMD pulling experiments. In the first implementation, we pull methane from z A directly to z B without intermediate stops for equilibration. In the second implementation, we divide the pulling from z A to z B into multiple segments. We pull methane forward and backward over each segment with equilibrations done at both ends of the segment. We find that the multi-segment implementation is more efficient/accurate because the system stays closer to its equilibrium under the constraint. We perform only the multi-segment pulling experiments for the four other systems studied in this work.
B. Benzene-T4L
We start with the crystallographic structure of the benzene-T4L complex (PDB code: 181L) 26 and solvate it in a box of TIP3 waters and neutralize it with sodium and chlorine ions. The dimensions of the solvated system are 67 Å Â 61 Å Â 65 Å after equilibration under constant temperature (300 K) and constant pressure (1 bar). We use the CHARMM 27 force field 47 for intra-and inter-molecular interactions. We use NAMD 2.6 48 for the stochastic dynamics simulations with the damping constant chosen as 5/ps. The temperature is kept at 300 K and pressure at 1 bar. We use periodic boundary conditions for all three dimensions and employ PME for electrostatic interactions. The time step is 2 fs for short-range interactions and 4 fs for long-range forces. The covalent bonds of all hydrogen atoms are fixed to their equilibrium length. The cut-off for long-range interactions is set to 10 Å with a switching distance of 9 Å . We divide the separation between the bound state ( Fig. 4B ) and the dissociated state (Fig. 4D ) into 11 segments of 1 Å each. Over each segment, SMD 12, 19 simulations are performed, pulling the centre of mass of benzene away from (noted as forward) and back to (noted as reverse) the binding site. The pulling speed is 0.01 Å /ps. The alpha carbons of T4L's bottom part (Fig. 4(A) ) are fixed during the SMD simulations.
In the bound state, benzene is completely buried inside the protein, as shown in Fig. 4(A) and (B) . Pulling benzene out of its binding site will inevitably cause distortions to the protein. In order to not drive the system too far out of equilibrium, we sample ten forward paths and ten reverse paths over each of the 11 segments in the following manner: Holding the z-coordinate of benzene's center of mass (z) constant at the left end of a segment, we run equilibrium MD for a period of time t chosen to the pulling time over one segment (100 ps). From there, we pull z in the z-direction (away from the binding site) from the left end to the right end of the segment, sampling a forward path. Then, holding z constant at the right end, we run equilibrium MD for a period of time t. After the equilibrium run at the right end, we pull z in the negative z-direction (toward the binding site) back to the left end of the segment, sampling a reverse path. We repeat this process five times over every segment and advance, segment by segment, from the first segment starting from the bound state, all the way to dissociated state at the right end of the last segment, sampling five forward and five reverse paths over all segments. From the dissociated state at the right end of the last segment, we repeat the whole procedure in the reverse order, sampling five reverse paths by pulling in the negative z-direction and five forward paths by pulling in the positive z-direction over each and all segments. These ten pulling paths, shown in Fig. 5(A) , are then used in eqn (3) to estimate the free energy profiles in each of the 11 segments, leading to the overall free energy landscape shown in Fig. 5(B) .
C. Water permeation through GlpF
Our model system of aquaglyceroporin GlpF has been fully described in ref. 10 . Briefly, GlpF possesses a homotetrameric structure: Each monomer forms an independently functional pore (channel). Each channel is approximately 40 Å in length across the membrane modeled by a lipid bilayer. In this work, the z-axis of the Cartesian coordinates is chosen to be normal to the water-membrane interface, pointing from periplasm to cytoplasm. The origin of the coordinates is set so that z = 7.7 Å at the midpoint between the N-termini of Asn 68 and Asn 203. The pressure and the temperature are maintained at 1 bar and 300 K respectively. The Langevin damping coefficient is chosen to be 5/ps. The periodic boundary conditions are applied all three dimensions. The PME is utilized to compute electrostatic interactions. The cut-off for long-range interactions is set to 14 Å with a switching distance of 12 Å . The time step of 1 fs is used for short-range interactions and 4 fs for longrange forces. Covalent bonds of all hydrogen atoms are fixed to their equilibrium length. The pulling speed is v = 0.05 Å /ps.
Starting from the fully equilibrated structure of ref. 10 , we perform SMD simulations to pull four waters through the four channels of GlpF simultaneously, one water molecule through each of them. We divide the 40 Å length of the whole channel into eight segments of 5 Å each. Over each of the eight segments, two sets of pulling paths are sampled: Each set has five forward paths (from periplasm to cytoplasm) and five reverse paths (from cytoplasm to periplasm). One of the two sets of the pulling paths is plotted in Fig. 6(A) .
VII. Summary and discussion
In summary, we have furthered the BD-FDT approach and explored the free-energy landscapes of three very different types of biological systems. Sampling five to ten forward and reverse pulling paths, we were able to accurately determine the free-energy profiles of the systems from the irreversible work measurements in SMD simulations. The accuracy of the BD-FDT method has been demonstrated by the nearly perfect agreement with the existing experimental and/or computational results in the literature for hydration of methane and cations and for benzene-T4L absolute binding energy. This BD-FDT study also has produced an accurate map of the freeenergy landscape along the entire channel of GlpF for water permeation, again in agreement with the current literature based on the equilibrium MD approaches.
Finally, the accuracy/efficiency of the BD-FDT approach relies on the cancellation of the non-equilibrium factors between the numerator and the denominator of eqn (3) . When a sufficient number of sufficiently good pulling paths are sampled, the nonequilibrium factors, the dissipative parts of the work measurements, can be nearly symmetrical between the forward paths and the reverse paths. Then they cancel out in the BD-FDT to give an accurate estimate of the free-energy differences between the equilibrium states. Even though the BD-FDT, in its analytical form, is exactly valid for any nonequilibrium pulling process, its numerical implementation, on the basis of a small number of pulling paths, requires keeping system close to its equilibrium under the driven constraint for better accuracy. In another word, the pulling paths sampled need to include or be close to the MPP, noting that each point on the MPP represents a local minimum of the free energy of the system under the constraint. If all of the pulling paths sampled are far away from the MPP in a given SMD study, such a numerical implementation of the BD-FDT will fail. However, considering the successes with the three systems studied in this paper, it is reasonable to expect that future applications of the BD-FDT will produce accurate freeenergy landscapes of many more chemical and biophysical processes.
